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摘  要 
随着半导体材料和器件技术地迅速发展，实际应用中，对于短波长光电器件、
高功率和高频率电子器件的开发和需求日益增加，逐步揭示了限制光电子器件发
展的问题。首先，大规模生产的新型光电子器件对所需的二维材料有了更高的要
求，强烈需要一个大尺寸（晶圆尺寸以上）的薄膜合成。其次，从光电子器件的
基本结构角度来看，为了实现光电转换功能，电注入和 pn 结仍然是主流结构，
也就是说从材料合成走向实际器件应用， p、 n 型导电层的制备通常都扮演着
关键性的角色。最后，就是利用材料的各项特性，将其应用到各种研究领域。本
文针对这三大方面问题，通过 LPCVD 生长技术、HVPE 生长技术、和改进的转
移方法以及各种表征手段，分别研究了卷对卷超大 h-BN 薄膜的 LPCVD 合成技
术、h-BN 薄膜的 p、n 型导电掺杂技术、晶片级大尺寸 h-BN 原子层薄膜应用研
究三个重要课题，研发了重要的创新技术并发现了有趣的科学现象。具体结果包
括： 
（1）实现了有限大 LPCVD 腔体中的卷对卷超大 h-BN 薄膜的合成。首先，
利用 Borazane 作为前驱源，在 Cu 箔上成功的生长出单原子层二维 h-BN 薄膜，
通过分析，发现 h-BN 的成核和接合机制与生长温度和环境气压密切相关。其次，
通过对 Cu 箔电化学抛光预处理和圆柱筒式圈卷技术，实现了晶片级大尺寸单层
h-BN 薄膜的合成，同时成功转移到 2 inch 和 4 inch 的半导体晶圆片上。最后，
首次提出了 Cu 箔衬底的发条状无限二维平面圈卷技术，并设计了一套特殊的石
英多齿叉状磁力支撑杆，成功突破了 LPCVD 反应腔体的有限体积限制。通过将
柔性 Cu 箔衬底向内圈卷成无限多层的超大面积衬底，成功实现了卷对卷 25inch
以上的超大 h-BN 单原子层薄膜的合成，且其均匀性良好、质量稳定。为未来开
发二维新型光电子器件制造和工业化量产，提供新的材料和技术支撑。 
（2）实现了 n、p 型掺杂的 h-BN 薄膜，实现了 h-BN 上大范围单晶石墨烯
晶粒的生长。首先，我们提出了 h-BN 薄膜的 LPCVD 同步 Mg 掺杂技术，以氮
化镁粉末为 Mg 源，成功获得 Mg 掺杂的单原子层 h-BN 薄膜，并实现了有效的 p
型激活，在 3V 电压下达到 10μA 表面电流。继而，提出了超短脉冲 C 掺杂技术，
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以甲烷气体为 C 源，成功生长出了均匀 C 掺杂的 h-BN 薄膜。尝试多种杂质激活
处理，揭示了 C 杂质激活能较高的特点。此结果为 h-BN 薄膜向二维光电子器件
的方向发展，提供了重要的技术支持和科学依据。最后，在利用 h-BN 薄膜作为
预设导向层，以同步石墨烯外延方式，在 h-BN 上生长出了取向高度一致的六角
形单晶石墨烯晶粒阵列，证明了单晶石墨烯晶粒与 h-BN 薄膜形成双原子层异质
结构。未来可望在多晶 Cu 箔衬底上获得超大面积单晶石墨烯薄膜，并与 h-BN
直接形成二维异质功能结构和光电子器件。 
（3）实现了晶片级大尺寸 h-BN 原子层薄膜在 GaN 自支撑衬底和 ZnO/h-BN
纳米线阵列的柔性纳米发电机器件应用。首先，利用 h-BN 二维单原子超薄插入
层实现 GaN 厚膜的二次外延和自应力释放。通过将 h-BN 薄膜完整覆盖 2 inch 
GaN/蓝宝石晶圆片，采用 HVPE 技术实现了 GaN 厚膜的侧向穿透外延二次生长，
并使得 GaN 厚膜中的残余失配应力完全释放，表面平整度和光学特性有效提升。
其二，首次提出利用 h-BN 作为 Cu 箔衬底上的预导向缓冲层，实现高度整齐垂
直的超长 ZnO 纳米柱阵列生长。ZnO 纳米柱直径可以被控制在平均 118 nm，而
长度达到 15 μm。利用超长 ZnO 的强压电特性和 Cu 箔衬底的超薄和高柔性，成
功制造并封装了柔性的 ZnO/h-BN/Cu 压电纳米发电机薄膜器件，可以产生高达
170 mV 的电压输出。未来将应用于生物运动机械能收集和电能转化。 
 
关键词： 半导体；h-BN 薄膜；n、p 型掺杂；ZnO 纳米柱；纳米发电机 
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Abstract 
With the rapid development of semiconductor materials and device technology 
have many practical applications in optoelectorincs. The demand of short wavelength, 
high power and high frequency optoelectronic devices gradually increases. First, there 
is strong need for the production of large scale 2D materials for new optolectronic 
devices. Secondly, from the basic structure of optoelectronic devices, in order to 
realize the function of photoelectric conversion, electrical injection and the PN 
junction is still mainstream structure. From the synthesis of materials to practical 
applications, the preparation of p and n type conducting layers usually play a key role. 
In the end, after the characterizations of the material, it can be applied to variety of 
research areas. We solved above three aspects by LPCVD technology, HVPE growth 
technique and improve the transfer method with variety of characterization methods 
repectively. Here we focus on the study of roll-to-roll synthesis of h-BN by LPCVD 
technology with p and n doping. h-BN films also transfer on large size wafer then use 
it in innovative applications and found interesting results. We focus on three important 
topics,  
(1) We proposed the mainspring-shaped winding of Cu foil to achieve unlimited 
size roll-to-roll growth of h-BN film in a limited size quartz tube of LPCVD 
technique. Although the quartz diameter is fixed, the number of winding layers of Cu 
foil in principle could be infinite and only depends on how much spacing to leave 
between neighbouring layers. Therefore, the reactor size limit could be completely 
overcome by extending the area to a continuous 2D curl of plane inward. Suppose that 
a 5-layer wound Cu foil roll is made for a 1.2 inch tube, the unwrapped area of the 
available growth surface for h-BN growth could reach over 25 inches. In order to 
avoid the touching of neighbouring foil layers and to keep uniform intervals, a 
multi-prong quartz fork tool was designed to support the winded spring-shape Cu foil. 
We also discuss the mechanism of h-BN nucleation. When the preheating temperature 
of precursor (borazane) increases the borazane concentration increases so the 
nucleation density of h-BN also increases. In this way, the BN coverage rate also 
increases. When increase the growth temperature, it can decompose the borazane rate 
as well as h-BN growth rate. In addition, the growth rate of h-BN is greatly influenced 
by the crystal orientation of copper substrate. So we polished Cu foil and make it 
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smooth for the better growth of h-BN in large size. After growth of h-BN, we 
transferred it on large size wafers like 2-inch sapphire and 4-inch Silicon substrates.  
(2) The n and p doped hexagonal boron nitride films were obtained, and the 
growth of h-BN on single crystal graphene was also achieved. First, we propose the 
doping of Mg with h-BN thin film by LPCVD. After doping we characterize our 
sample by XPS, AES and Raman spectroscopy. All characterizations confirmed that 
Mg was incorporated into h-BN film. I-V test also shows that we obtained p doped 
h-BN condusctive layer. After that we analyzed the n type doping scheme and 
ultrashort pulse C doping is proposed with strictily control access of methane gas flow 
as corban source. After continuously controlled flow of methane gas for C, we got 
gaphene growth in the same direction of h-BN. For further verifications we again 
characterize the sample by Raman, AFM and AES and it realize that there is direct 
growth of single crystal graphene on oriented Cu foil with h-BN. We also can increase 
the growth time to get single crystal of graphene. After variety of tests analysis shows 
that we obtained the effective n-type h-BN thin film. 
(3) The applications of large sizeh-BNatomic layer thin film on wafer. Firstly, 
there is growth of GaN thick film on sapphire substrate by in using HVPE method. 
After that through PMMA method, h-BN film can transfer on complete 2-inch 
GaN/Sapphire wafer and then again by HVPE, GaN thick film grow on 
h-BN/GaN/Sapphire wafer and used it in electronic application. h-BN is also used as a 
pre-orientating buffer layer on flexible Cu substrate, to induce crystal growth of ZnO 
NRs. Zinc oxide (ZnO) has direct wide band gap around 3.37 eV and high exciton 
binding energy 60 meV, due to these properties ZnO can be used in many electronic 
applications. Nowadays metallic and flexible substrates are used for the growth of 
aligned ZnO NWs to improve electrical and thermal conduction and these metallic 
substrates can also improve the performance of devices as substrate used as one of the 
electrodes. First we grow monolayer h-BN on Cu foil then use Zinc (Zn) powder as a 
source material with the flow of nitrogen and oxygen gases for the growth of 
vertically well aligned ZnO nanorods (NRs) on monolayer h-BN/Cu flexible substrate 
by chemical vapor deposition (CVD) at 600oC and also describe growth mechanism. 
As grown ZnO NRs has diameter around 118 nm and the length is 15μm. At room 
temperature photoluminescence (PL) spectra gives us the information about band 
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structure of ZnO nanomaterials and got peak at 384 nm (BG = 3.22 eV). In addition, 
flexible h-BN/Cu based substrate can be used in several optoelectronics and electronic 
devices such as LEDs, photodetectors and nanogenerators. So we used, ZnO/h-BN/Cu 
flexible sample in nanogenerator as piezoelectric device. Due to crystalline structure 
of ZnO NRs, we can produce electric field inside NRs by piezoelectric effect and can 
get voltage by stretching and compressing our flexible sample. In this way voltage can 
produce by piezoelectric effect in ZnO/h-BN/Cu substrate. In this way, mechanical 
energy can be converted into electrical energy by using these types of piezoelectric 
devices. This is evidence for the further approach towards the nanoelectronic devices 
based on ZnO NR arrays. 
Key words: Semiconductor；Hexagonal BN films；The n and p doping；ZnO 
nanorods；Nano generator 
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第一章 绪论 
1.1 引言 
材料是人类社会生活的物质基础，是人类社会文明发展阶段的重要标志。材
料的发展史从侧面反映了人类社会的发展史。从历史角度上看，以材料为标志，
人们将社会发展划分为石器时代、青铜器时代、铁器时代等，这正说明了材料对
社会的决定性作用。而到了现代科技时代，材料与能源、信息并称为现代科学技
术的三大支柱，是构成现代化社会的重要技术之一，仍然发挥着关键性的作用。
当今时代，不论从材料合成、工艺技术，还是器件应用等各个层面，都有着大幅
度的进步。一个世纪以来，半导体材料成为材料领域一个最明亮的新星，由于它
在电子、光电子等方面具有优异的性能，基于此而制造开发的各种现代器件改变
了人类整个时代的生活和水平。特别是从上世纪七八十年代开始，随着材料的尺
寸日益减小，纳米科学技术的发展成为近三十年来最前沿的科技方向，是连接未
来技术与现代技术的重要桥梁，并有机地串联起与材料相关的各个领域，取得大
跨步的前进。 
半导体材料为各类电子器件提供重要的基础材料，如晶体管、集成电路、电
力电子器件、光电子器件等，如图 1.1，并促进了计算机、通信、信息家电与网
络技术等电子信息产业的发展。半导体材料及应用已成为衡量一个国家经济发
展、科技进步和国防实力的重要标志。半导体材料的种类繁多，按组成元素分为
一元、二元、三元、多元；化学组成分为元素半导体、化合物半导体和固溶体半
导体等；按晶体状态可分为单晶、多晶和非晶；按材料维度可分为体材料和薄膜
材料。大部分半导体材料单晶制片后直接用于制造半导体材料，这些称为体材料；
相对应的薄膜材料是在半导体材料或其他材料的表面生长的，具有高纯度和晶体
完整性，并显著减少了体材料难以解决的固溶体偏析问题，能用于制造三维电路
等优点。许多新型半导体器件是在薄膜上制成的，制备薄膜的技术也在不断的发
展。薄膜材料由于其结构越来越复杂，功能性要求越来越高，尺度上也越来越小，
其厚度的不断减小一直走向了量子阱、超晶格、甚至二维的原子层薄膜结构。随
着尺度的缩小，新的优异的性质也同时不断显现出来，成为新一轮新型材料和器
件研发的重要方向。 
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